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Abstract 

Using a 1 -> 2 transition as an analytically tractable model, we discuss in detail magneto-optical 
resonances of both EIA (electromagnetically induced absorption) and EIT (electromagnetically 
induced transparency) types in the Hanle configuration. The analysis is made for arbitrary rate of 
depolarizing collisions in the excited state and arbitrary elliptical field polarization. The obtained 
results clearly show that the main reason for the EIA sub-natural resonance is the spontaneous 
transfer of anisotropy from the excited level to the ground one. In the EIA case we predict the 
negative structures in the absortpion resonance at large field detuning. The role of the finite 
atom-light interaction time is briefly discussed. In addition we study non-trivial peculiarities of 
the resonance lineshape related to the velocity spread in a gas. 
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I. INTRODUCTION 



Nonlinear interference effects, based on atomic coherence 



1], have attracted in the past 



decade a growing attention. They have found numerous applications in nonlinear optics 



lOt ] . nonlinear high- resolution spectroscopy 



clocks and magnetometers) 



24] 



17| 



211 ]. laser cooling 



16L 



261 ]. and quantum information processing 



27] 



22. 



2] 



ligh-precision metrology (atomic 



32]. 



231 ]. atom optics and interferometry 



To date the most investigated phenomenon is electromagnetically induced transparency 



(EIT) [33j. As a matter of fact, EIT means a broad array of nonlinear effects in which the 
absorption is significantly reduced due to nonlinear interference of electromagnetic waves. In 
particular, in certain atomic systems EIT is related to dark states and coherent population 



trapping (CPT) 



35]. 



The opposite phenomenon of e 
by Akulshin et al. in 1998 [36] 



ectromagnetically induced absorption (EIA), first observed 
, is much less studied. After 1998 several groups have 



performed experiments on observations of EIA and related effects in different atomic systems 



and under different conditions 



37] 



42] . Both two-photon resonances in a bichromatic light 



field and magneto-optical resonances in the Hanle configuration have been e xp 



43|, 



ored. 



441 ]. where, 



The first theoretical explanation of physical origins of EIA was given in 
using a simple analytically tractable model of a four-level iV-system as an example, we 
have shown that EIA is due to the transfer of low-frequency atomic coherence between 
interacting levels in the course of spontaneous radiative transitions. Subsequently, this 



concept has been confirmed in experiments and by numerical calculations 45], and it has 



been further developed in 



461 ] . Summarizing and generalizing, we can say that EIA can be 



observed on resonant atomic transitions of F g = F — > F e = F + 1 type with degenerate 



2 



ground state (F > 0), and its physical origin is the spontaneous transfer of the light- 
induced anisotropy (atomic coherence or/and population difference). As the result, under 
two-photon resonance conditions atoms mainly populate Zeeman sub-states most coupled 
to the light field. If the spontaneous transfer of anisotropy is absent, i.e., the ground state is 
repopulated isotropically, atomic populations are distributed inversely proportional to the 
optical depopulation rates, which leads to the EIT-type resonances. 

It is worth to note that the same physical reason (the spontaneous transfer of anisotropy) 
is responsible for the "anomalous" sign of nonlinear magneto-optical rotation of linearly 
arized light on F — > F + 1 transitions. This effect has been observed earlier in 1990 



po 



471 ]. and its theoretical explanation has been give n by Kanorsky et al. 48 



on the base of 



the perturbation theory method developed in 49(. The difference in signs of the ground- 
state quadrupole moments, which govern the sign of nonlinear magneto-optical rotation, for 
transitions F — > F + 1 from one hand, and for F — > F and F — > F — 1 transitions from the 
other hand has been discussed in [5Q| . 



The present paper is devoted to a detailed theoretical study of EIA/EIT magneto-optical 
resonances in the Hanle configuration. We explore the realistic but analytically solvable 
model of a F g = 1 — > F e = 2 atomic transition. Note that this transition is the simplest 
transition (from the F — > F+ 1 class), where the light-induced quadrupole moment, precess- 
ing in a magnetic field orthogonal to the polarization ellipse plane, can appear in the ground 
state. Apart from the radiative relaxation, the excited-state depolarization due to collisions 
with a buffer gas is taken into account, which allows us to consider a gradual transition from 
EIA to EIT with the increase of the depolarization rate. It should be noted, in the majority 



of works on the magneto-optical variant of EIA/EIT resonance, except for the papers 



5l|- 



54j . the linearly polarized radiation was used or considered. Here we investigate a general 



case of the resonance interaction of atoms with elliptically polarized light. We find several 
new features of the magneto-optical spectra connected with the light ellipticity. The treat- 
ment is carried out for atoms at rest (homogeneous broadening) as well as for atomic gas 
under conditions of the Doppler broadening. The role of the finite atom-light interaction 
time is briefly discussed. 

II. PROBLEM STATEMENT 

We consider the resonance interaction of atoms, having the total angular momenta F g 
in the ground state and F e in the excited state, with a monochromatic light field E(r, t) 
in the presence of a static magnetic field B. More specifically, the field configuration is an 
elliptically polarized running wave: 

E(r,i) = Ee exp{-i(uot - kr)} + c.c, (1) 

where E is the complex amplitude, and e is the unit polarization vector. In the coordinate 
frame associated with the wave (e 2 is directed along k, e x>y - along the polarization ellipse 
semiaxes) the polarization vector can be written as 

e = e-,, cos(e) + ie y sin(e) = e +1 cos(e — 7r/4) + e_x sinfV — 7r/4) , (2) 

with e±i = ^(e^, ±ie y )/\^2 the corresponding spherical orths, and tan(e) equal to the ratio 
of the ellipse semiaxes (see in Fig. [Ha). 

The atom-light interaction Hamiltonian in the dipole and in the rotating-wave approxi- 
mations has the form: 

H D -e = -dE = HkV + h.c. , (3) 
where n = —(F e \\d\ \F g )E/h is the coupling constant (Rabi frequency), and, according to the 
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Wigner-Eckart theorem, 

V = f e9 e, (4) 
with the Wigner vector operator defined through Clebsch-Gordan coefficients: 

f t = E C%£. lq \F a , ma) (F b , m b \ , (5) 

m a ,m b 

the indices a and b can take values e, g. The interaction with a weak static field B is 
described by the Hamiltonian 



H B = -pB= J2 hn a F h {a) , (6) 

a=e,g 

where the operator 



F b {a) = ^F a (F a + l)f aa b (7) 

are the projection of the total angular momentum operator of the level (a) on the direction 
b; Ml a = HBg a F> is the Zeeman splitting between adjacent substates of the level (a) with 
Hb the Bohr magneton and g a the Lande g-factor; b = B/_B is a unit vector directed along 
the magnetic field B. 

All operators are represented as matrices on the Zeeman basis of the ground and excited 
levels, with states {\F g ,m g )} and {|F e ,m e )}. The atomic density matrix p can be separated 
in four matrix blocks, where the matrices p gg and p ee are the density submatrices for the 
ground and excited state, and the off-diagonal blocks p eg and p ge describe the optical co- 
herences. In the rotating-wave approximation the fast time-space dependence of the kinetic 
equation can be removed by introducing the transformed optical coherences as 

p eg = f eg exp{-i(ujt - kr)} p ge = f ge exp{i(ut - kr)}. (8) 

Then, the generalized optical Bloch equations (GOBE) take the form 

(le 9 - iS v )% g = -m \Vp gg - p ee V] - i [n c F^f 9 - % n g F b {9) ] ; (9) 



-I K 



(leg + i5v)p ge 

(r + 7 r )p ee + %oll{Pee} 
r (P99 ~ Pfg ] ) = G{pee\ ~ Z « 



I K \V%e - 



v% g -f e v -i a, 



F (e) o 

r b > Pee 
b i Hgg 



(10) 

(11) 

(12) 



where [ , ] indicates a commutator, 5 V = uj — uj eg — kv is the detuning with account for the 
Doppler shift kv for a moving atom, 7 e9 is the dephasing rate, in Eq. ffTTl) the parameter r ) r is 
the radiative relaxation rate, the operator 7 co »{p ee } describes the collisional depolarization 
in the excited state, the rate T describes relaxation of atoms to the isotropical distribution 
Pg°J = U g /(2F g + 1) (the operator ft a = £m a \F a , m a ) (F a , m a \ projects on the given energy 
level (a)) outside the light beam due to either atomic free flight through the beam or diffusion 
to the walls. The operator 



g{p ee } = P lr £ ffpeef? 
<Z=0,±1 



(13) 

in the right-hand side of Eq. (Tl2l) corresponds to the repopulation of the ground state due 
to the spontaneous radiative transitions. This process includes the transfer of the Zeeman- 
substate populations (terms with diagonal matrix elements p me m e ) as well as the transfer 
of the Zeeman coherence (terms with off-diagonal matrix elements p^ e7n i at m e 7^ m' e ). In 
general, it should be viewed as the spontaneous transfer of the total population and of the 
Zeeman anisotropy between working levels. The coefficient (3 < 1 governs the branching 
ratio in the course of the spontaneous decay from the excited level F e to the lower level 
F g . When (3=1 the transition F g — > F e is closed, i.e. the total population is conserved 
(Tr{p gg } + Tr{p ee } = 1). Hereafter the symbol Tr{...} means the trace operation over 
internal degrees of freedom. 



We assume the property 



Tr{7 coZ /{p ee }} = . 



(14) 



If collisions are negligible, we have 



%oii = 0, 7 e9 = 7 r /2 + r. 



(15) 



The collisional relaxation term jcoiiiPee} has the simplest form 



lcoll{pee\ = 7l Pee ~ fI e Tr {p ee } / (2F e + 1) 



(16) 



in the model case, when all the multipole moments relax due to collisions with the same 
rate 71 (apart from the total population, which is conserved according to Eq.flHJ)). 

More specifically, we will study just one closed (/3 = 1) transition F g = 1 — > F e = 2. This 
transition is realistic and simultaneously sufficiently simple, allowing analytical description of 
the EIA/EIT effects. Let the static magnetic field is directed orthogonal to the polarization 
ellipse, i.e. along the z axis (see in Fig. [TJa). The corresponding scheme of the light-induced 
transitions is shown in Fig. [TJb. As a spectroscopic signal we consider the total excited-state 
population as a function of the magnetic field amplitude B (Hanle-type spectroscopy) 



This signal is proportional to the total fluorescence and to the total light absorption in 
optically thin media. We investigate the influence of the radiative relaxation operator (ITS]) 
in combination with the collisional depolarization operator j C oii{Pee} on the lineshape of the 
resonance described by Eq. ffTTl) . 

We will be interested in sub-natural width structures (fi e , g *C 7 r ), which appear in 
nonlinear spectra in the low-saturation limit, when the light field is sufficiently weak: 

1 eg v 

With these approximations, eliminating the optical coherences, we arrive at the following 



7i e = Tr{p ee } . 



(17) 
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closed set of equations for the excited-state and ground-state density matrices: 

(r + lr )p ee + 7l [p ee - n e Tr {p ee } /{2F e + 1)] = 2 leg SVp gg V^ , (19) 

q=0,±l 

(20) 

where the collision relaxation operator is taken in the form (1161) . 

III. SOLUTION FOR ATOM AT REST 

Consider first the total excited-state population 7r e of an atom at rest (v = 0), when the 
detuning 5 = uj — uj eg . The solution for a moving atom with the given velocity v can be easily 
derived from the expressions below by the substitution 5 — > 5 V . As is seen from Eq. (1201) and 
Fig.l.b, the coherence between just two Zeeman substates (\F g = 1, m g = ±1)) is sensitive 



to the magnetic field. Thus, as it has been shown in 
signal) is a quotient of polynomials of second order in Q g : 

vr e £?=oM(A,7i,f,e)tt 



, 7r e (as well as any spectroscopic 



(21) 



vri 0) £2=o2MA,7i,r,e)fi* ' 
where = 2 7e9 S/ (7 r + Y) corresponds to the linear absorption of unpolarized atoms, 
Q = fig/ (jeg S), A = S/^eg, ji = j i / j r , T = T/(j eg S), and s \s the ellipticity parameter of 
the light wave. The numerator and denominator can be expanded in A powers: 

M = EA^-( 7l ,r>)A J , (22) 

2 

V k = J2 V ki{li,T,e)A l . (23) 

1=0 

The coefficients A/^- and V k i with (i + j) and {k + I) odd numbers are equal to zero due 
to symmetry reasons. For the sake of brevity, here we give explicit analytical expressions 
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for nonzero coefficients M? and T>u in the limiting case, when the power broadening 7 eg S 
dominates over the transit-time broadening T, i.e. at T = 0: 

Mo 
M 02 
Mi 
Mo 



(5 + 77i) [25 + ff57 1 + f727 1 2 + 847 1 3 -c 2 (f 5 + 971 - 767 2 - 8475 s ) -4c 4 71 
-4(1 +71) 2 [-25 (5 + I671 + I27 2 ) +c 2 (175 + 320 71 - 12 7 2 ) - 12 c 4 (5-471-247 2 
160s(l+7!) 2 [l5 + 487! + 367 2 -c 2 (8-671-367 2 
48(l + 7x) 2 [12 (I + 27O (5 + 67x)-5c 2 (7-57!-307 2 



(24) 



£>oo 
T> 20 



(5 + 77i) [(5 + 77i) (5 + 327! + 367 2 ) -4c 2 (2 + 571 - 87? - 14 jf 
- 4(1 + 71) 2 [-25 (5 + 32 71 + 36 7 2 ) + 4 c 2 (35 + 194 71 + 166 7?) - 32 c 4 (l + 71 - 6 7 2 
160 s (1 + 7O 2 [3 (5 + 32 7! + 36 7 2 ) - c 2 (4 + 2 jt - 24 7 2 ) 



192 (1 + 71) 2 [3 (5 + 327! + 36 7! 2 ) - c 2 (4 - 25 



7? 



(25) 



where c = cos(2e) and s = sin(2e). 

It is convenient for analysis to present the lineshape f[2~Tj) in the form of generalized 



Lorentzian 



55 



56j: 



7T R = A 



w 



(fi g -fi ) 2 + w 2 (fi 9 -fi ) 2 + ^ 2 



(26) 



where all the parameters are expressed through the coefficients M an d ^ (see equations 
(I22ti25p ) in the following way. The amplitude of the symmetric part 

A 2(2Af V 2 l +Af 2 V 2 1 -Af 1 V 1 V 2 -2Af 2 V V 2 ) 



V 2 (AV V 2 -V() 



the amplitude of antisymmetric part 



B 2(N 1 V 2 -M 2 V 1 ) 



Ke' V 2 J4V V 2 -Vi 



the background 




C 



TVs 
V 2 



the resonance position 



n 



Vx 

2V 2 ' 



legS 



and the resonance width 



legS 



W 



2^ 



It is important that B and VLq are proportional to the detuning A and to the degree of 
circular polarization s = sin(2e). In other words, the spectroscopic signal is symmetrical 
with respect to zero of the magnetic field either at zero detuning or in the case of linear 
polarization. In these symmetric cases the sign of A depends on the depolarization rate 71. 
For instance, when e = 



and the sign of the resonance is changed, EIA is transformed into EIT, at 71 = 5/2 indepen- 
dently of the detuning. In the other case A = the sign-reversal point weakly depends on 
the ellipticity e and it lies between 71 = 2 for e — > ± 7r/4 and 71 = 5/2 for linearly polarized 
light. 

In the general case, when e 7^ and A ^ 0, the signal is asymmetric and its position is 
shifted with respect to the zero magnetic field point (ft g = 0). At e = n/8 the dependence 
of the lineshape parameters A, B, w, and Qq on the detuning A is shown in Fig. [2] and 
Fig. [3] in two opposite cases. Fig. [2] corresponds to the pure radiative relaxation 71 = 0, 
when the transfer of anisotropy is maximal, while at 71 = 10 7 r used in Fig. [3] the collisional 
depolarization of the excited state is almost complete. As is seen from these figures, the 
amplitudes of symmetric A and antisymmetric B parts are comparable. It should be also 



A 3 (5-27O (I + 27O 



(°) 4 (187 + 565 7! + 418 7?) 
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noted that the amplitude A changes sign when the detuning A increases. Such a behaviour 



in the EIT case was well-known in the simplest model of a three-level A system 



57|]. This 



effect is usually related to the Raman absorption peak in the probe field spectra 



57j 



59( | . In the EIA case at large detunings we see a negative structure in the absorption 
resonance (Fig. [4jb), which can be also attributed to the Raman scattering. This structure 
is asymmetric and significantly narrower than the EIA resonance at A = (Fig. Hla). 
Such a Raman transparency resonance has not been discussed previously to the best of our 
knowledge. 

It is instructive to consider the influence of the finite atom-light interaction time on 
the lineshape parameters. We find that this influence becomes substantial starting from 
r « 7 e9 S and it manifests mainly in the suppression of the resonance amplitudes A and 
B especially in the wings |A| > 7 e9 . At sufficiently large V the amplitude A becomes of 
fixed sign as shown in Fig. [5] for V = 0.005 7 eg in the EIA case. In a pure gas cell typically 
T « 0.001 — 0.0l7 e9 and in order to observe, say, the Raman absorption peak at the EIT 
condition one needs a buffer gas cell, where the ratio of the ground-state relaxation rate V 
to the optical linewidth ^ eg is the more favorable V « 10~ 5 — 10 _6 7 eg . Note, the closely 



54 



60j. Another strategy, more suitable for 



related results have been recently reported in 
the observation of the Raman transparency dip in the EIA case, is the use of more intense 
light fields. 
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IV. RESONANCE LINESHAPE IN A GAS 



In a gas with the Maxwell velocity distribution the absorption signal is proportional to 
the average excited-state population: 

/+oo 
7i e ex P {-(v/v) 2 }dv, (27) 
-oo 

where the parameter v = (2/cbT '/ 'M) 1 / 2 , with ks the Boltzmann constant , T temperature, 
and M mass of an atom. This signal is a superposition of contributions of atoms with 
different detunings 8 V = uj — u eg — kv (due to the Doppler shift kv). As is shown in the 
previous section, the resonance lineshape n e (Q g ) is significantly deformed and shifted at 
given nonzero detuning (see in Fig. Hlb). As a result, the resonance lineshape in a gas can 
acquire non-trivial peculiarities. For example, in Fig. [6] we show the lineshapes in the EIA 
case (71 = 0) for different values of the ellipicity parameter e and the average velocity v. 
One can see that for elliptically polarized light the resonance width is significantly less than 
in the case of linear polarization. This effect is an analog of the Doppler narrowing of the 



two-photon resonance discussed in [61] 



631 ] . Note, in our problem statement the circular 

"strong" 



61] 



63]. 



polarization components e±i with different amplitudes at e 7^ play the roles o 
control and "weak" probe fields, that is one of the conditions for the narrowing 
With the increase of e the resonance lineshape becomes complicated - the narrow EIA peak 
inside of the wider dip. This can be viewed as a consequence of the sign reversal of the 
resonance amplitude A at nonzero detunings discussed above. The sharp structures in the 
line center should also be noted. In general, a detailed study of lineshape of the magneto- 
optical resonances in elliptically polarized fileds in a gas is of great interest and it can be the 
subject of a separate publication. Our results in this direction will be presented elsewhere. 
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V. CONCLUSION 



Using simple theoretical model of 1 — > 2 closed atomic transition, the influence of the 
spontaneous transfer of anisotropy on the magneto-optical absorption resonances in an el- 
liptically polarized field is studied. The analytical expression for the absorption for atoms 
with given velocity is obtained. In the low-saturation limit, when the resonance width is 
much less than the natural width, the lineshape is a generalized Lorentzian. It is shown that 
in the case of linearly polarized filed (e = 0) or in the exact resonance (5 = 0) the lineshape 
is symmetric, and the resonance sign is governed by the rate of the excited-state collisional 
depolarization 71. With an increase of 71 one can see a gradual transition from the EIA 
type to the EIT type. In the general case of elliptical polarization e 7^ and 5^0 the 
absorption signal is asymmetric and shifted with respect to the zero magnetic field point. 
The sign-reversal of the symmetric part of the resonance is detected at large detuning. This 
effect related to the Raman scattering takes place in EIA as well as in EIT cases. Some 
peculiarities of the lineshape in a gas are investigated. In particular, the Doppler narrowing 
and the bimodal structure of the resonance are observed. 

Acknowledgments 

We thank A. Sidorov, A. Akulshin and V. Velichansky for helpful discussions. This work 
was partially supported by Russian Foundation for Basic Research (grants #04-02-16488, 



13 



#05-02-17086, #05-02-16717). 



[1] for general references see Chapter 7 of the monograph M.O. Scully and M.S. Zubairy, "Quan- 
tum Optics" (Cambridge University Press, 1997). 

[2] O. Kocharovskaya, "Amplification and Lasing without Inversion", Phys. Rep. 219, 175-190 
(1992); 

[3] M.O. Scully, "From Lasers and Masers to Phaseonium and Phasers", Phys. Rep. 219, 191-201 
(1992); 

[4] L. Hau, S.E. Harris, Z. Dutton, C.H. Behroozi, "Light speed reduction to 17 metres per second 
in an ultracold atomic gas", Nature 397, 594-598 (1999); 

[5] M.M. Kash, V.A. Sautenkov, A.S. Zibrov, L. Hollberg, G.R. Welch, M.D. Lukin, Y. Rostovt- 
sev, E.S. Fry, and M.O. Scully, "Ultraslow Group Velocity and Enhanced Nonlinear Optical 
Effects in a Coherently Driven Hot Atomic Gas", Phys. Rev. Lett. 82, 5229-5232 (1999); 

[6] D. Budker, D.F. Kimball, S.M. Rochester, V.V. Yashuk, "Nonlinear Magneto-optics and Re- 
duced Group Velocity of Light in Atomic Vapor with Slow Ground State Relaxation", Phys. 
Rev. Lett. 83, 1767-1770 (1999); 

[7] M.D. Lukin, A.B. Matsko, M. Fleischhauer, M.O. Scully, "Quantum Noise and Correlations 
in Resonantly Enhanced Wave Mixing Based on Atomic Coherence", Phys. Rev. Lett. 82, 
1847-1850 (1999); 

[8] S.E. Harris, L.V. Hau, "Nonlinear Optics at Low Light Levels", Phys. Rev. Lett. 82, 4611-4614 
(1999); 

[9] M.D. Lukin, A. Imamoglu, "Controlling photons using electromagnetically induced trans- 
parency", Nature 413, 273-276 (2001); 

14 



[10] H. Wang, D. Goorskey, M. Xiao, "Enhanced Kerr Nonlinearity via Atomic Coherence in a 

Three-Level Atomic System", Phys. Rev. Lett. 87, 073601 (2001). 
[11] A. Akulshin, A. Celikov and V. Velichansky, "Subnatural absorption resonances on the Dl line 

of rubidium induced by coherent population trapping", Opt. Commun. 84, 139-143 (1991); 
[12] S. Brandt, A. Nagel, R. Wynands, D. Meschede, "Buffer-gas-induced linewidth reduction of 

coherent dark resonances to below 50 Hz", Phys Rev. A 56, R1063-R1066 (1997); 
[13] J. Vanier, A. Godone, F. Levi, "Coherent population trapping in cesium: Dark lines and 

coherent microwave emission", Phys. Rev. A 58, 2345-2358 (1998); 
[14] M. Erhard and H. Helm, "Buffer-gas effects on dark resonances: Theory and experiment", 

Phys. Rev. A 63, 043813 (2001); 
[15] M. Stahler, R. Wynands, S. Knappe, J. Kitching, L. Hollberg, A. Taichenachev, V. Yudin, 

"Coherent population trapping resonances in thermal 85 Rb vapor: Dl versus D2 line excita- 
tion", Optics Lett. 27(16), 1472-1474 (2002); 
[16] J. Vanier, M.W. Levine, D. Jansses, M. Delaney, "Contrast and linewidth of the coherent 

population trapping transmission hyperfine resonance line in 87Rb: Effect of optical pumping" , 

Phys. Rev. A 67, 065801 (2003). 
[17] P.R. Hemmer, S. Ezekiel, C.C. Leiby, Jr., "Stabilization of a microwave oscillator using a 

resonance Raman transition in a sodium beam", Opt. Lett. 8(8), 440-442 (1983); 
[18] M.O. Scully and M. Fleschauer, "High-sensitivity magnetometer based on index-enhanced 

media", Phys. Rev. Lett. 69, 1360-1363 (1992); 
[19] J. Kitching, S. Knappe, N. Vukicevic, L. Hollberg, R. Wynands, and W. Weidemann, "A 

microwave frequency reference based on VCSEL-driven dark line resonances in Cs vapor", 

IEEE Trans. Instrum. Meas. 49, 1313-1317 (2000); 



15 



[20] M. Stahler, S. Knappe, C. Affolderbach, W. Kemp, and R. Wynands, "Picotesla magnetometry 
with coherent dark states" ,Europhys. Lett. 54, 323-328 (2001); 

[21] J. Vanier, M.W. Levine, D. Jansses, M. Delaney, "On the Use of Intensity Optical Pumping 
and Coherent Population Trapping Techniques in the Implementation of Atomic Frequency 
Standards", IEEE Trans. Instrum. Meas. 52, 822-831 (2003). 

[22] A. Aspect, E. Arimondo, R. Kaiser, N. Vansteenkiste, and C. Cohen- Tannoudji, "Laser Cool- 
ing below the One-Photon Recoil Energy by Velocity-Selective Coherent Population Trap- 
ping", Phys. Rev. Lett. 61, 826-829 (1988); 

[23] A. Aspect, E. Arimondo, R. Kaiser, N. Vansteenkiste, and C. Cohen- Tannoudji, "Laser cool- 
ing below the one-photon recoil energy by velocity-selective coherent population trapping: 
theoretical analysis", J. Opt. Soc. Amer. B 6(11), 2112-2124 (1989). 

[24] P. Marte, P. Zoller, J. L. Hall, "Coherent atomic mirrors and beam splitters by adiabatic 
passage in multilevel systems", Phys. Rev. A 44, R4118-R4121 (1991); 

[25] M. Weitz, B.C. Young, S. Chu, "Atomic Interferometer Based on Adiabatic Population Trans- 
fer", Phys. Rev. Lett. 73, 2563-2566 (1994); 

[26] PD. Featonby, G.S. Summy, C. L. Webb, R. M. Godun, M. K. Oberthaler, A. C. Wilson, C. 
J. Foot, and K. Burnett, "Separated-Path Ramsey Atom Interferometer", Phys. Rev. Lett. 
81, 495-499 (1998). 

[27] M. Fleschauer and M.D. Lukin, "Dark-State Polaritons in Electromagnetically Induced Trans- 
parency", Phys. Rev. Lett. 84, 5094-5097 (2000); 

[28] M. Fleschauer and M.D. Lukin, "Quantum memory for photons: Dark-state polaritons", Phys. 
Rev. A 65, 022314 (2002). 

[29] C. Liu, Z. Dutton, C.H. Behroozi, L.V. Hau, "Observation of coherent optical information 



16 



storage in an atomic medium using halted light pulses", Nature 409, 490-493 (2001); 
[30] D.F. Phillips, A. Fleischhauer, A. Mair, R.L. Walsworth, M.D. Lukin, "Storage of Light in 

Atomic Vapor", Phys. Rev. Lett. 86, 783-786 (2001); 
[31] A.S. Zibrov, A.B. Matsko, O. Kocharovskaya, Y.V. Rostovtsev, G.R. Welch, and M.O. Scully, 

"Transporting and Time Reversing Light via Atomic Coherence", Phys. Rev. Lett. 88, 103601 

(2002); 

[32] C.H. van der Wal, M.D. Eisaman, A. Andre, R.L. Walsworth, D.F. Phillips, A.S. Zibrov, M.D. 

Lukin, "Atomic memory for correlated photon states", Science 301, 196-200 (2003). 
[33] S.E. Harris, "Electromagnetically Induced Transparency", Physics Today, 50(7), 36-42 (1997). 
[34] G. Alzetta, A. Gozzini, L. Moi, and G. Orriols, "An experimental method for the observation 

of R.F. transitions and laser beat resonances in oriented Na vapour", Nuovo Cimento Soc. 

Ital. Fis., B 36, 5-20 (1976); 
[35] E. Arimondo, "Coherent population trapping in laser spectrscopy" , in Progress in Optics, E. 

Wolf ed. XXXV, 257-354 (1996). 
[36] A. M. Akulshin, S. Barreiro, A. Lezama, "Electromagnetically induced absorption and trans- 
parency due to resonant two-field excitation of quasidegenerate levels in Rb vapor", Phys. 

Rev. A 57, 2996-3002 (1998). 
[37] A. Lezama, S. Barreiro, A. M. Akulshin, "Electromagnetically induced absorption", Phys. 

Rev. A 59 , 4732-4735 (1999); 
[38] Y. Dancheva, G. Alzetta, S. Cartaleva, M. Taslakov, Ch. Andreva, "Coherent effects on the 

Zeeman sublevels of hyperfine states in optical pumping of Rb by monomode diode laser" , 

Optics Comm. 178, 103-110 (2000); 
[39] F. Renzoni, S. Cartaleva, G. Alzetta, E. Arimondo, "Enhanced absorption Hanle effect in the 



17 



configuration of crossed laser beam and magnetic field", Phys. Rev. A 63, 065401 (2001); 
[40] M. Kwon, K. Kim, H.S. Moon, H.D. Park, J.B. Kim, "Dependence of electromagnetically 
induced absorption on two combinations of orthogonal polarized beams", J. Phys. B 34, 
2951-2961 (2001); 

[41] K. Kim, M. Kwon, H.D. Park, H.S. Moon, H.S. Rawat, K. An, J.B. Kim, "Electromagnetically 
induced absorption spectra depending on intensities and detunings of the coupling field in Cs 
vapour", J. Phys. B 34, 4801-4808 (2001); 

[42] C. Andreeva, S. Cartaleva, Y. Dancheva, V. Biancalana, A. Burchianti, C. Marinelli, E. 
Marriotti, L. Moi, K. Nasyrov, "Coherent spectroscopy of degenerate two-level systems in 
Cs", Phys. Rev. A 66, 012502 (2002). 

[43] A. V. Taichenachev, A. M. Tumaikin, V. I. Yudin, "On the spontaneous-coherence-transfer- 
induced sign change of a sub-natural-width nonlinear resonance", JETP Lett. 69, 819-824 
(1999); 

[44] A. V. Taichenachev, A. M. Tumaikin, V. I. Yudin, "Electromagnetically induced absorption 

in a four-state system", Phys. Rev. A 61, 011802(R) (2000). 
[45] H. Failache, P. Valente, G. Ban, V. Lorent, A. Lezama, "Inhibition of electromagnetically 

induced absorption due to excited-state decoherence in Rb vapor", Phys. Rev. A 67, 043810 

(2003). 

[46] C. Goren, A. D. Wilson- Gordon, M. Rosenbluh, H. Friedmann, "Electromagnetically induced 
absorption due to transfer of coherence and to transfer of population", Phys. Rev. A 67, 
033807 (2003). 

[47] X. Chen, V.L. Telegdi, and A. Weis, "Quantitative study of the nonlinear Macaluso-Corbino 
(resonant Faraday) effect in Cs", Optics Commun. 74(5), 301-305 (1990). 



18 



[48] S.I. Kanorsky, A. Weis, J. Wurster, and T.W. Hansen, "Quantitative investigation of the 
resonant nonlinear Faraday effect under conditions of optical hyperfine pumping" , Phys. Rev. 
A 47, 1220-1226 (1993). 

[49] M.V. Krasheninnikov, V.S. Smirnov, M.B. Sultanov, A.M. Tumaikin, and V.I. Yudin, 
"Anomalous self-rotation of the polarization plane of a confined light beam in a gas located in 
a weak magnetic field", Zh. Eksp. Teor. Fiz. 94(1) 204-209 (1988) [Sov. Phys. - JETP 67(1), 
113-116 (1988)]. 

[50] A. P. Kasantsev, V.S. Smirnov, A.M. Tumaikin, LA. Yagofarov, "Effect of atomic ground 
state self-polarization in the optical-pumping cycle on the increase of linear light absorption 
for J J + 1 transitions", Opt. Spektrosk. 57(2), 189-191 (1984) [Opt. Spectrosc. (USSR) 
57, 116-118 (1984)]. 

[51] V. Milner and Y. Prior, "Biaxial spatial orientation of atomic angular momentum", Phys. 

Rev. A 59, R1738-R1741 (1999). 
[52] I. Novikova, A. Matsko, V.A. Sautenkov, G.R. Welch, M.O. Scully, "Ac-Stark shifts in the 

nonlinear Faraday effect", Optics Lett. 25(22), 1651-1653 (2000). 
[53] A. B. Matsko, I. Novikova, M. S. Zubairy, and G. R. Welch, "Nonlinear magneto-optical 

rotation of elliptically polarized light", Phys. Rev. A 67, 043805 (2003). 
[54] D. Budker and S.M. Rochester, "A relation between electromagnetically induced absorption 



resonances and nonlinear magneto-optics in A-systems", e-print physics/0310066 (2003). 
[55] S. Knappe, M. Stahler, C. Affolderbach, A.V. Taichenachev, V.I. Yudin, R. Wynands, "Simple 
parameterization of dark-resonance line shapes", Appl. Phys. B: Lasers and Optics 76, 57-63 
(2003). 

[56] A.V. Taichenachev, V.I. Yudin, R. Wynands, M. Stahler, J. Kitching, L. Hollberg, "Theory of 



19 



dark resonances for alkali-metal vapors in a buffer-gas cell", Phys. Rev. A 67 033810 (2003). 
[57] S. G. Rautian and A. M. Shalagin, "Kinetic Problems of Nonlinear Spectroscopy" (Elsevier, 
Amsterdam, 1991). 

[58] G. Janik, W. Nagourney, and H. Dehmelt, "Doppler-Free Optical Spectroscopy on the Ba+ 

Mono-Ion Oscillator", J. Opt. Soc. Am. B 2, 1251-1257 (1985); 
[59] B. Lounis and C. Cohen- Tannoudji, "Coherent population trapping and Fano profiles", J. 

Phys. II (France) 2, 579-592 (1992). 
[60] E.E. Mikhailov, I. Novikova, Yu.V. Rostovtsev, G.R. Welch, "Buffer-gas induced absorption 



resonances in Rb vapor", e-print quant-ph/0309171 (2003) 



[61] A.V. Taichenachev, A.M. Tumaikin, and V.I. Yudin, "Influence of Atomic Motion on the 
Shape of Two-Photon Resonance in Gas", JETP Lett. 72, 119-122 (2000); 

[62] A. Javan, O. Kocharovskaya, H. Lee, and M.O. Scully, "Narrowing of electromagnetically 
induced transparency resonance in a Doppler-broadened medium", Phys. Rev. A 66, 013805 
(2002); 

[63] C.Y. Ye and A.S. Zibrov, "Width of the electromagnetically induced transparency resonance 
in atomic vapor", Phys. Rev. A 65, 023806 (2002). 



20 



List of Figure Captions 

Fig. 1. (a) Mutual orientation of the polarization ellipse and the magnetic field, and (b) 
the scheme of light-induced transitions. 

Fig. 2. The lineshape parameters versus A. (a) A and (b) B in arbitrary units, and (c) w 
and (d) flo in 7 es units. The case of the pure radiative relaxation 71 = 0. Other parameters 
e = tt/8, r = 0, k = 0.1 7e 5 . 

Fig. 3. The lineshape parameters versus A. (a) A and (b) B in arbitrary units, and (c) w 
and (d) Q in 7 eff units. The case of the total excited-state depolarization 7x = 10. Other 
parameters e = tt/8, T = 0, k — 0.1 7 e9 . 

Fig. 4. The absorption resonance lineshapes in the EIA case 71 = 0. (a) The total excited- 
state population in arbitrary units versus the ground-state Zeeman shift in ^ eg units at 
A = 0; (b) the same but A = 5^ eg . Other parameters e = tt/8, T = 0, k = 0.l7 efl . 
Fig. 5. The lineshape parameters versus A. (a) A (solid line) and B (dashed line) in 
arbitrary units, and (b) w (solid line) and Qo (dashed line) in ^ eg units. The case of the 
pure radiative relaxation 7 X = 0. Other parameters T = 0.005 7 e9 , k = 0.1 7 e3 , and e = tt/8. 
Fig. 6. The resonance lineshapes in a gas. The case of the pure radiative relaxation 71 = 
and 7 e9 = 7 r /2 + T. The total excited-state population averaged over Maxwell velocity 
distribution (iT e ) v versus the ground-state Zeeman shift fl g in j r units at different ellipticity 
parameters (a) e — 0, (b) e — n/10, and (c) e = n/5. The Doppler width varies in each panel 
kv = (dotted line), kv = 7 r (dashed line), and kv = 20 7 r (solid line). Other parameters 
5 = 0, T = 0.001 7 r , and k = 0.2 j r . For all curves the background is subtracted and all 
curves are normalized to the absorption in the center Q g = 0. 
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FIG. 1: (a) Mutual orientation of the polarization ellipse and the magnetic field, and (b) the 
scheme of light-induced transitions. 
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FIG. 2: The lineshape parameters versus A. (a) A (solid line) and B (dashed line) in arbitrary 
units, and (b) w (solid line) and Qq (dashed line) in j eg units. The case of the pure radiative 
relaxation 71 = 0. Other parameters e = n/8, T = 0, k = 0.1 7 eg . 
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FIG. 3: The lineshape parameters versus A. (a) A (solid line) and B (dashed line) in arbitrary 
units, and (b) w (solid line) and CIq (dashed line) in ^ eg units. The case of the total excited-state 
depolarization 71 = 10. Other parameters e = ir/8, T = 0, k = 0.1 7 eg . 
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FIG. 4: The absorption resonance lineshapes in the EIA case 71 = 0. (a) The total excited-state 
population in arbitrary units versus the ground-state Zeeman shift in ^ eg units at A = 0; (b) the 
same but A = 57 e9 . Other parameters e = n/8, T = 0, k = 0.1 j eg . 
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FIG. 5: The lineshape parameters versus A. (a) A (solid line) and B (dashed line) in arbitrary 
units, and (b) w (solid line) and f^o (dashed line) in j eg units. The case of the pure radiative 
relaxation 71 = 0. Other parameters T = 0.0057 e9 , k = 0.1 j eg , and e = tt/8. 
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FIG. 6: The resonance lineshapes in a gas. The case of the pure radiative relaxation 71 = and 
leg = 7r/2 + r. The total excited-state population averaged over Maxwell velocity distribution 
{ir e ) v versus the ground-state Zeeman shift O s in j r units at different ellipticity parameters (a) 
e = 0, (b) e = vr/10, and (c) e = tt/5. The Doppler width varies in each panel kv = (dotted 
black line), kv = 7 r (dashed blue line), and kv = 20 7 r (solid red line). Other parameters 5 = 0, 
r = 0.001 y r , and n = 0.2 ^y r . For all curves the background is extracted and all curves are 
normalized to the absorption in the center Q g = 0. 
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